Autonomous underwater gliders are buoyancy propelled vehicles. Their way of propulsion relies upon changing their buoyancy with internal pumping systems enabling them up and down motions, and their forward gliding motions are generated by hydrodynamic lift forces exerted on a pair of wings attached to a glider hull. In this study lift and drag characteristics of a glider were performed using Computational Fluid Dynamics (CFD) approach and results were compared with the literature. Flow behavior, lift and drag forces distribution at different angles of attack were studied for Reynolds numbers varying around 10 5 for NACA0012 wing configurations. The variable of the glider was the angle of attack, the velocity was constant. Flow velocity was 0.5 m/s and angle of the body varying from −8° to 8° in steps of 2°. Results from the CFD constituted the basis for the calculation the equations of motions of glider in the vertical plane. Therefore, vehicle motion simulation was achieved through numeric integration of the equations of motion. The equations of motions will be solved in the MatLab software. This work will contribute to dynamic modelling and three-dimensional motion simulation of a torpedo shaped underwater glider.
introDuction
The starting point and inspiration to this work are intensive research that goes on in the area of dynamics modelling of underwater vehicles, their maneuverability and performance, driven by their increasing applications in oceanography, military, natural environment safety.
The research objective was to study general dynamics model of an underwater vehicle with the aid of methods of the CFD for accurate assessment of dynamic effects between the vehicle and the external sea water environment. The vehicles are inertia propelled, i.e. move due to mass or configuration of mass change, or hybrid propelled, i.e. using inertia and engines to move. The steady state gliding motion is defined by Zhang et al., 2012, as: "for a particular change in buoyancy and fixed position of moving mass, the state variables of the glider remain unchanged and angular velocity remains zero for its sawtooth gliding motion".
The paper focuses on AUV inertia based propelled, i.e. not equipped with thrusters or hybrid ones, equipped additionally with thrusters. AUVs are then a class of underwater vehicles not equipped with external propulsion systems. There are quite a lot of types of such AUVs currently available such as Slocum [1] , Spray [2] or Sea-glider [3] . They are designed for long range missions, consume small energy, are low cost and of significant endurance. They can be applied in oceanography, in rescue and cleaning sea missions. Their method of propulsion relies upon changing their buoyancy with internal pumping systems enabling them up and down motions, and their forward gliding motions are generated by hydrodynamic lift forces exerted on a pair of wings attached to a glider hull. The resulting AUV motion is a "saw-tooth motion" pattern in the vertical plane and a straight line motion in the horizontal plane. Low energy and easy propulsion has enabled for AUV various mission designs in real applications, where either a single glider or a group were used, see e.g. [4, 5] . The other method of propulsion for an AUV is by using a movable internal mass. Such models were derived in e.g. [6, 7] . Other kind of motion of an AUV derived and reported in references is along a spiral curve (see the description in [8] ). The spiral motion can be obtained by rotating an internal mass, (e.g., the battery pack), or a rudder attached to the tail section of the glider.
test setup anD methoDology
As an ingredient of a mathematical description of an AUV dynamics, an adequate model of hydrodynamic interactions is utterly important. In late 60's, Gertler and Hagen [9] proposed completely analytical yet quite complex set of formulas for hydrodynamic force and moment components in the body-fixed reference frame, which are reminiscent of expressions used in the flight dynamics. Most recently, the CFD methods have become increasingly popular in hydromechanical modelling of AUVs. The RANS-based simulations were used to help calibration of the coefficient-based models [10, 11] or to provide steady-state hydrodynamic characteristics for such models [12] [13] [14] . Different turbulence models applied to RANS simulations of flows past a drifting submarine were investigated and compared in [15] . In a similar work [16] , the RANS simulations were used to calculate flow and forces past a submarine performing steady turns.
The most advanced usage of the CFD method consists in solving the full set of equations for unsteady turbulent flow (URANS model) simultaneously, i.e. fully coupled with the equations of motion. It means that either the flow equations need to be solved in a domain which changes in time in a priori unknown way or the flow problem needs to be posed and solved in the body-fixed non-inertial reference frame. In the latter case, the far-field conditions become time-dependent and non-uniform. Yet another approach to the CFD-based determination of the hydrodynamic loads is presented in [17] . In this work, a computational domain is divided into two parts: the internal part surrounding the submarine and the "far-field" part around. Each part has been meshed independently. The whole domain moves linearly with instantaneous velocity of the submarine but only the internal mesh performs rotary motion following the spatial orientation of the vehicle. This way, the problem of deforming meshes is replaced by the interpolation problem at the interface of sliding meshes. The accuracy of force prediction is very good. In this study Commercial CFD solver ANSYS Fluent 18.2 was used to solve the steady state Reynolds averaged Navier Stokes (RANS) equations. The Shear Stress Transport (SST) k -ω model is chosen for turbulence model, which is widely used in flow separation problems and likely to be found at the aft of the AUV.
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geometry
Geometry of the AUV was created in ANSYS SpaceClaim 2017 and was designed based on the glider in the paper [18] for the possibility of comparing the results. The sister glider was the background for our research. Our glider called "Hulke" has a torpedo shaped hull with tail shapes and fixed wings, elevator and rudder. Torpedo type hull is a cylindrical body with a large ratio between the length and diameter, L/D = 9.76. This shape provides good features and is widespread used by all major manufacturers of AUVs. The vehicle presented in Figure 1 is symmetrical along the XZ plane, for this reason the calculation were performed for the half of the body to save the calculation costs. [20] To model the profiles of the bow and stern of the vehicle Myring Equations are commonly used. These theoretical equations describe curves for bow and stern of torpedo bodies which generate the smallest possible drag coefficient [21] . The equations are as follows:
x a a n 1 2 1
where all parameters of the equations are geometric (except parameter n) and are shown in Figure 3 . These equations allowed to validate the studied geometry according to the optimal hydrodynamic shape. 
KAMILA STRYCZNIEWICZ, PRZEMYSŁAW DRĘŻEK yring equations shows that the bow of studied glider is well fitted if n=3, but the stern should be improved to get optimal hydrodynamic shape. Higher length to diameter ratio (L/D) was desirable for a glider. The predicted value of L / D ≈ 9 was considered sufficiently high. Results in the literature [18] showed that the symmetrical wing profile performs better than the cambered wing profile. Therefore, NACA0012 profile was adopted for the glider. [18] Studied glider was assigned for the Baltic Sea mission, therefore the maximum operational depth is 25 m, where the absolute pressure is around 3500 hPa. According to the [22] , the density of the water in the Baltic Sea at the 10°C is ρ=1005 kg/m 3 and dynamic viscosity is μ=1.33e-3 kg/ms. ITTC [21] recommendations for marine CFD applications specify that the computational domain around the experimental glider shown in Figure 6 should extends L a (= 1.3 L) in the upstream of the leading edge of the body, L h (= 1.3 L) in the radial direction (from the centerline of the body) and L f (= 5 L) in the downstream of the trailing edge of the body. These dimensions of the domain were studied, however, the interaction between fluid and hull was noticed on the upper and bottom wall. The distribution of pressure and velocity in the cross-section (passing through the vehicle) was investigated; the pressure gradient caused by the presence of the glider was noticeable at the end of the domain. The recommended domain dimensions do not work with different angles of attack. Due to that reason the domain was scaled by the XYZ product factor = 3. The domain around the body was discretized with the unstructured mesh. The volume tetra mesh was created by the Robust (Octree) method. The mesh should be dense in areas where the flow velocities are sensitive to grid spacing and coarse in other areas. Due to that reason the region around the hull was concentrated. 10 prism layer was sufficient to perform flow characteristics in the boundary layer, Figure 7 . The thickness of boundary layer was set according to the ITTC, CFD marine recommendation [19] : Relying on [19] , the non-dimensional wall distance can be defined in terms of Reynolds number in the following way: δ = ⋅ − 0 035 1 7 .
cFD analysis
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KAMILA STRYCZNIEWICZ, PRZEMYSŁAW DRĘŻEK (4) where: yis the first required cell height and C f is an estimate of the skin friction coefficient, based on the ITTC standard method.
(5)
CFD calculations presents similar values for average y + = 2.1 (at zero alpha angle). Figure 8 below presents dimensionless wall distance parameter distribution calculated in ANSYS Fluent R18.2. Commercial CFD solver ANSYS Fluent 18.2 has been used to solve the steady state Reynolds averaged Navier Stokes (RANS) equations. The Shear Stress Transport (SST) k -ω model was chosen for turbulence model, which is widely used in flow separation problems and likely to be found at the aft of the AUV.
The convergence is decided by the standard deviation of the viscous pressure resistance coefficient and frictional resistance coefficient displayed in per cent of the average force. The convergence criterion in the present study was set as 1% for the viscous pressure resistance coefficient and frictional resistance coefficient. Computations are carried out until steady state is reached [20] .
Glider was tested for the constant velocity 0.5 m/s and range of angle of attack (α = −8° to 8° in steps of 2°), the drag and lift coefficients are computed using CFD (calculated for the front reference surface) and compared with CFD results presented in Yogang Singh et al. [18] . The results for drag characteristics are similar, but bigger differences are noticed in the lift coefficients, probably because of the different NACA profile used. 
mathematical approach oF gliDer motion in Vertical plane
This chapter presents the correlation between inertial coordinate system and body-related system. The chapter mentioned about the forces and moments acting on AUV. The force coefficients such as lift and drag coefficient from CFD are taken into consideration while equation of motion are solved. In the AUV model the forces are resolved into axial and normal forces. The origin of inertial system, E-frame, was taken at the free surface, so depth was along Z axis. Equations of motion are defined in B-frame. CB was located at the center of the ellipsoidal hull (origin of B-frame). The CG was located slightly offset from CB along axial direction to create a constant gravitational moment. The velocity of the glider along x, y and z -axis was represented by U, V and W respectively while the angular velocity of the glider along x, y and z -axis was represented by P, Q and R, respectively, all in B-frame. The coordinates of the linear velocity measured in the inertial system (i.e. E-frame):
are related to the coordinates U, V, W through the transformation matrix. Such a relation can be written with the matrix equation as follows:
The transformation matrix was obtained by successively rotating the coordinate system around the respective axes by the following angles: ψ, θ, ϕ and projection of velocity vectors. The result of the first operation, i.e. the rotation by an angle ψ, around Oz 1 axis, following equations were obtained: (7) In the next step, the rotation was made around the y 2 axis by an angle θ. As a result of this turnover, the following relationships were obtained: (8) When rotating around the z 3 axis by an angle ϕ, we get:
As a result of three operations (around each axis), the following transformation matrix Λ ν was created (this is the product of three matrices representing a rotation around a given axis): In order to determine the velocity coordinates in the inertial system, the following matrix equation should be solved: (11) The matrix inverse to the transformation matrix was calculated using the MatLab program. In the case of angular velocity and its P, Q, R coordinates, the process of determining the transformation matrix was analogous to the process that has been described above, but the transformation matrix was much simpler. The equation describing this relationship is as follows: (12) And the transformation matrix after transformations looks as follows: (13) The determination of angular velocities in the inertial system wass the result of the solution: (14) In the studied case, angles and velocities are relatively small. The angles ϕ, θ, ψ are particulary important, because at θ=±90° a singularity would occur when reversing the transformation matrix, then Quasi-Euler angles should be replaced by an alternate kinematic representation such as quaternions or Rodriguez parameters. In the examined case the angles do not reach such values (the assumption arises from the speed and the way of vehicle movement). 
Forces and moments acting on auV
In order to model the AUV movement properly, external forces and moments acting on the glider should be taken into account. External loads are presented in the form of two vectors whose coordinates are associated with the vehicle, i.e. the system O xyz . Forces are represented by the vector F with components X, Y, Z. The force vector was as follows:
where: X is longitudinal force, Y lateral force and Z is a vertical force.
The vector of vehicle loading moments can be described by the three components L, M, N. Vector of hydrodynamic moments:
The corresponding coordinates are L -rolling moment, M -pitching moment, and N -yawing moment. Finally, equations can be summarized in matrix form as follows: (16) where: I xx , I yy , I zz are the moments of inertia;
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KAMILA STRYCZNIEWICZ, PRZEMYSŁAW DRĘŻEK Right side of above equations, hides hydrostatic, hydrodynamic, lift, added mass and propeller force. Values of individual forces and moments might be calculated by the CFD or obtained from experimental tests. In this paper only hydrodynamic and lift forces were considered. Having the external forces and moments, equations of motions for the glider in six degrees of freedom can be calculated. MatLab solves nonstiff differential equations using different numerical methods. The most popular solvers are ODE45 and ODE113. The first allows solving the system of equations, assuming the standard calculation error for MatLab. In the case when very accurate solutions are needed and the ODE45 cannot cope with calculations, the ODE113 solver is chosen.
conclusions
In this paper the hydrodynamic single-phase flow around the underwater glider hull was discussed. The study was related to sea water flow in the turbulent regime by using the ANSYS Fluent R18.2 commercial software. The results show the proper tendency in hydrodynamic characteristic as a function of angle of attack. Furthermore, the results were compared with results presented in the literature [18] . Other forces such as added mass and propeller force need to be considered in the future. This work will contribute to dynamic modeling and three-dimensional motion simulation of a torpedo shaped underwater glider. The force coefficients of lift and drag taken from the CFD are used to solve equation of glider motion.
